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We	 demonstrate	 that	 time-domain	 ptychography,	 when	
applied	 to	 a	 set	 of	 broadband	 vibrational	 sum	 frequency	
spectra,	reconstructs	amplitude	and	phase	of	the	vibrational	
free	 induction	 decay	 from	 an	 interfacial	 sample	 with	 a	
resolution	 that	 is	 independent	 of	 the	 up-converting	 pulse	
bandwidth	 and	 spectrometer	 resolution.	 These	 important	
improvements	 require	 no	modifications	 to	most	 standard	
homodyne	 setups	 and	 the	 method	 is	 applicable	 to	 other	
coherent	 homodyne	 spectroscopies	 like	 coherent	 anti-




to	 selectively	 investigate	 surfaces	 or	 interfaces	 [1].	 In	 particular,	
vibrational	SFG	(vSFG)	is	used	to	study	vibrational	modes	of	interfacial	
molecules,	 providing	 structural	 and	 orientational	 information	 with	
sub-monolayer	 sensitivity.	 In	 the	 broadband	 version	 of	 vSFG	 (BB-
vSFG)	 a	 narrowband	 near	 infrared	 (NIR)	 pulse	 is	 mixed	 with	 a	
broadband	infrared	(IR)	pulse	that	spans	all	vibrational	frequencies	of	
interest.	 The	 resulting	 sum-frequency	 signal	 from	 the	 interface	 is	
emitted	in	the	phase	matching	direction	(see	Fig.	1.)	and	its	spectral	
intensity	𝐼"#$ 	is	typically	measured	with	an	array	detector:	
𝐼"#$(𝜔"#$, 𝜏) ∝ |𝐸"#$(𝜔"#$, 𝜏)|-                 (1) 








interfacial	 molecules	 [2–8].	 Hence,	 quite	 some	 effort	 has	 been	





apparatus.	 In	 this	 letter,	 we	 demonstrate	 reconstruction	 of	 phase	
information	 from	 a	 series	 of	 homodyne	 measurements	 via	 time-
domain	 ptychography	 [19],	 which	 requires	 no	 modification	 to	 a	
standard	experimental	setup.	An	algorithm	is	applied	to	a	set	of	spectra	
measured	 at	 different	 time	 delays	𝜏 	and	 reconstructs	 the	 complex	
linear	vibrational	polarization	𝑃	"
(5)(𝑡) 	from	the	 interface.	Moreover,	

















its	 basic	 implementation	 it	 uses	 the	Ptychographic	 Iterative	Engine	
(PIE)	to	reconstruct	a	complex	object	pulse	from	a	set	of	sum-frequency	
spectra	which	result	 from	the	mixing	of	a	well	characterized	probe	
















broadband	 IR	pulse	 that	 covers	all	molecular	vibrations	of	 interest,	
typically	between	800	and	4000	cm−1.	The	center	wavelength	of	the	
NIR	pulse	is	selected	such	that	the	sum-frequency	signal	appears	in	a	
wavelength	 range	 that	 can	 be	 conveniently	 detected	 by	 silicon	
technology.	 Its	 bandwidth	 which	 determines	 the	 resolution	 of	 the	
recorded	vibrational	spectra,	is	typically	adjusted	via	spectral	filtering	





𝐸"#$(𝑡, 𝜏) ∝ 𝑃		
(-)(𝑡) ∝ 𝐸/01(𝑡 − 𝜏)	𝑃8	





its	 complex	 linear	 susceptibility	 𝜒(5) 	and	 the	 IR	 pulse	 𝐸01(𝑡) .	
















SFG	 signal,	 which	 is	 dominated	 by	 the	 NRB	 and	 reflects	 the	 cross	
correlation	between	the	NIR	and	IR	pulses.	The	probe	pulse	can	be	
delayed	relative	to	the	IR	pulse	via	a	mechanical	translation	stage.	The	
sum-frequency	 spectra	 were	 recorded	 with	 a	 Kymera	 193	
spectrometer	with	a	1200	l/mm	grating	blazed	at	600	nm	combined	
with	an	Andor	Idus	420	camera	giving	a	spectral	resolution	better	than	








substantially	 on	 the	 time	 delay	 t.	 While	 in	 standard	 BB-vSFG	 this	
constitutes	a	major	obstacle	for	the	correct	interpretation	of	data,	here	
all	spectra	are	crucial	as	input	for	HIPPY.		







discrepancies,	 the	 overall	 shape	 and	 magnitude	 of	 the	 spectra	 at	











































































































pulse	 nor	 by	 the	 spectrometer	 resolution.	 To	 illustrate	 this,	 we	
compare	the	square	root	of	the	spectrum	measured	at	the	first	time	
delay	 with	 the	 reconstructed	 amplitude	 in	 Fig.	 2(c).	 Clearly,	 the	








signal	 strength.	 A	 longer	 probe	 permits	 a	 better	 resolution	 (if	 not	
limited	by	the	spectrometer)	but	at	the	same	time	lowers	the	signal	








the	object	 is	 scanned	by	 the	 time-delayed	probe	pulses,	we	may	 in	
principle	 select	 only	 spectra	 taken	 at	 delays	with	 a	 negligible	NRB	
contribution	 (here	 after	 delay	 #4,	 see	 Fig.	 SI.1	 for	 illustration).	
Alternatively,	we	can	remove	the	NRB	after	the	reconstruction.	The	
latter	is	advantageous	since	the	NRB	heterodynes	part	of	the	signal	and	







For	 comparison,	 we	 included	 the	 square	 root	 of	 the	 spectrum	







that	 the	weak	band	around	2825	cm-1	 in	 the	spectrum	is	absent	 in	
reconstructed	FID,	as	it	is	an	artifact	due	to	probing	with	an	asymmetric	
pulse	and	should	be	interpreted	as	such.	
To	 be	 able	 to	 reconstruct	 the	 complex	 polarization	 without	 being	




grid	 of	 4’096	 points	with	 a	 spacing	 of	 0.1	 cm−1.	 The	 probe	 before	
passing	through	the	air-spaced	étalon	is	a	100	fs	pulse	at	800	nm	and	
the	 delay	 increment	 is	 150	 fs.	 Fig.	 3(a)	 shows	 the	 reconstructed	
linewidth	 versus	 the	 total	 time	 window	 scanned	 with	 an	 ideal	
spectrometer	resolution	and	a	Fabry-Pérot	 linewidth	of	8	cm-1.	The	




was	 scanned	 for	 a	 constant	 delay	 range	 of	 100	 ps	 and	 ideal		
spectrometer	 resolution.	 Up	 to	 approximately	 25	 cm-1	 the	
reconstructed	 linewidth	matches	 the	 original.	 For	 larger	 values	 the	
Fabry-Pérot	spacing	becomes	larger	than	the	length	of	the	laser	pulse	
(100	fs)	and	the	probe	turns	into	a	train	of	non-overlapping	100	fs	




the	 spectral	 features	 blur	 out	 so	 much	 that	 the	 algorithm	 stops	
converging.	 Summarizing	 the	 results	 in	 Fig.	 3	 reveals	 that	 PIE	
reconstructs	 the	 true	 linewidth	 independent	 of	 étalon	 and	
spectrometer	resolution	up	to	values	which	are	30	to	40	larger	than	the	
original	linewidth.	
For	 the	set	of	parameters	 indicated	by	 red	arrows	 in	Fig.	3	 (probe	
linewidth:	8.6	cm-1,	spectrometer	resolution:	7	cm-1	and	scan	range:	25	









than	 the	 probe	 linewidth	 as	 well	 as	 spectrometer	 resolution	 as	
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3 FP: 8 cm -1 , Scan : 100 ps
Recovering	 the	 true	 linewidth	 only	 requires	 acquiring	 data	 at	 long	
delays	with	a	sufficiently	high	signal-to-noise	ratio.	
In	 conclusion,	 we	 introduced	 HIPPY,	 a	 new	 method	 for	 PS-SFG	
spectroscopy	that	does	not	require	heterodyning	and	has	a	spectral	
resolution	which	is	independent	of	probe	bandwidth	and	spectrometer	
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Fig.	4.	Reconstructed	(blue)	and	input	(red)	amplitude	(solid	curve)	
and	phase	(dashed	curve).	The	inset	shows	a	zoom	to	the	double	
peak	at	2990	cm-1	with	a	separation	of	3	cm-1.	The	black	dashed	line	
shows	the	square	root	of	one	of	the	simulated	spectra.		
 
 
